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0. AUSTRACT (WAaimum 200 words)

The tunable microwave frequency AC scanning tunneling microscope (ACSTM) has opened the
possibility of recording local spectra and local chemical information on insulator surfaces much as the
conventional STM has done for metals and semiconductors. We describe the various types of
spectroscopies that can be performed with the ACSTM. These include linear spectroscopies where the
amplitude at the modulation frequency is measured as well as nonlinear spectroscopies utilzing theamplitudes of the harnmonics of the modulation frequency generated in the tunneling junction.
Spectrosocpy in the microwave frequency range also enables heretofore unrealizable measurements onconducting substrates such as the rotatonal spectroscopy of a single adsorbed molecule.
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lbU tab micfmavew freMency AC xaming tmeIing microspe (ACSTM) has
opened the bility of Mcnliag local spetand. local chemical information on
insulato =scsmvch as &e conventiona STM lin done for metals and undiconduetos.

We. describe dhe various types of seocpe that elmn be perfowme with the ACSTh.
Thea. IWlue& lý oqwrowucopls hre u uplt at die modulation freq-4uency is
meau d as we• as nmolinea apectroacopius utilig the amplitudes of the hamonuics of
the modulation frequency enerated in the tunneling junction. Spectroscopy in the
microwave frequency range also enables hetetofore unrealizable measurements on
conducting substrates such w the rotational sWectroscopy of a single adsorbed molecule.

I. ln AmodPWWM

The scanning tunneling microscope (STM) has enabled a host of measurements of local
chemical environment on metal and 3emiconductor surfaces [1-31. Related techniques
have sprung up which have allowed imaging of insulator surfaces [4,5]. Recent advances in
near-field microscopies have enabled the spectra and dynamics of single molecules on
surfaces to be recorded under special circumstances, but the imaging resolution remains in
the 10 nm range under optimal conditions [6-9].

A number of AC scanning tunneling microscopes have now been put together since
Kochanaki's initial invention of the technique [10-151. The exciting possibility of these
instruments is that one may combine the consistent atomic resolution of the STM with
spectros•c•ic capabilities on surfaces with arbitrary electronic properties including
insulators [ 16,17]. As described in this paper, a variety of spectroscopic measurements can
be performed with these instruments.

*Auatho to whom corrmpondence should be addressed. E-mail: sun@psuvm.psu.edu.
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The eapieat -described here were conducted in specially designed scanningAtunneling
Miarms- eu Wd WA mdS microwave frequsucy simmlas up to 20 0 T

veou CS~hslia been descuibed previously 11 -17.WehV eoeadAC h
bath under ambmn comdtions and inultrahigh vacuum (UHV) ( 13-151. Importantly, for
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Figure 1. Schematic of the tunable ACSTM signal and control electronics. A microwave
sweep oscillatorsuplies the ACSTM ti with the microwave frequency AC bias. Using a
bias network a M offset can also be applied. The reflected and/or transmitted
microwaves are measured using network or spectrum analyzers. Feedback control of the
probe tip can be accomplished using the DC current as in conventional STM or using the
AC signal at the modulation frequency or one of its harmonics.
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understanding the spectroscopy of adsorbates on surfaces, we can operate the IJHV
ACSTMs at temperatures as low as 4K [15]. We briefly review the critical components of
our tunable ACSTMs. We also discuss a recent advance which has resulted in a lower and
flatter background for spectroscopic measurements with the ACSTM [18].

A schematic of the instrument and detection scheme is shown in Figure 1 above. A
narrow band microwave frequency oscillator is used to supply the microwave frequency
modulation to the ACSTM probe tip. The oscillator has a bandwidth of 1 Hz and is tunable
over the range 10 MHz-20 Ghz [19]. For sufficiently conducting samples, we use a bias
network to supply a dc bias to the ACSTM probe tip along with the microwave frequency
modulation and to separate the microwave and low frequency components of the tunneling
current [20]. In this way, conventional STW can be used to provide feedback on metal and
semiconductor surfaces while microwave signals are simultaneously collected. The small
microwave signals are measured using extremely sensitive microwave test equipment [211.
For sufficiently thin insulators, we can record the microwaves transmitted to a conducting
backlane. Similarly, we can measure microwave transmission for semiconductors and
;;;L as well. A more general technique particularly useful for studying bulk insulators is
to measure the microwaves reflected back down the ACSTM probe tip using a directional
coupler or circulator. The signal-to-noise in reflection mode is substantially lower than in
transmission mode where both arm possible.

The ACSTM head ia shown schematically in Figure 2. A beete-style sample
approach i used in all our current instrunents [14,15,22]. A microwave f eny coaxial
cable is fed the center (samner piezoelectric taslator tube) [141 A custom
transition is used inside a shielded hypodermic tube within this piezoelectric tube to
minimize microwave reflections from within our cabling [18]. For transmission
mearnements, a second connection is made to another coaxial microwave transmission
line through one of the outer walker piezoelectric tubes as indicated in the figure.

Recently, we have found that we can lower and flatte the spectral background of our
ACSTM spectra by placing the sample and probe tip in a cavity which is too small to
support any resonances within the frequency range of the instrument, 0-22 0Hz [ 18]. The
beetle-styl sample approach is maintained in this small cavity (diameter -6 mm) by
using a liquid metal seal to enclose the tunneling junction electrically [181. A metal
reservoir is attached to the center scanner piZOelectuic tube and filled with liquid metal
In/Ga/Sn eutectic. A metal insert in the sample holder dips into the liquid metal electrically
enclosing the ACSTM tunneling junction. The dimensions of our present small cavity put
the lowest supported resonance in the range of 100 OHz, well above amy frequency
measured in our expeiments. This small cavity has the effect that stmy reflections of the
microwaves off die structures enclosing the ACSTM do not set up standing waves which
would interfere with our pe-ra measurements [IS].

Michel and co-workers have come up with an alternate approach for measuring a
series of harmonics generaed i the ACSTM tunnel junction. They use what is essentially
a fixed cavity instruent, but vary the modulation frequency such that the detected
harmonic is always at the frequency ofthe cavity resonance [12,17]. This has the advantage
that harmonica can be measured using the impedance match provided by the cavity. The
disadvantage is that the harmonic g aon c be a function of modulation frequency
[16,171. Nevertheless, with cleve y .deigned experiments and additional spectoscopic
handles, the harmonic spectra obtained can be extremely useful as described below [17].

-3-



F~gure 2. Schematic of th. tuable ACSMh btmd MWe microwave fluqency binasi
supledbya icowvecoaxial cable that &ea *8 eter (acanate) plesoulect&l

tb.Acmmmkirowave tnsition is built ant, 0Ua~dni tube insdde the acaimer
pieso. Ims ahn SOOpi~s kft unshisded at dwreand of poetip. A beetle styl sample

approach is usedin air nd in UHV For bulk lamlators, microwaves reflected beck down
the probe tip arm measured. For onmducting samples or thn Inslators tammitsed "vdor
refleced microwaves ane used For -rurn.'-I-so AC and for conventional Sfld
measu-rements, a sample pi. rup, Is use and run through anoher of the piseAxeetric
(waflw) uibe

& bmaqf wihb th ACSTM

We have been able to achieve atomic reolution on #and WS02 With microwave
frequ~feny wedk mnwcha~nflsm 16J. On'Insladun suchslead siicatelasswe
have acivdrslto fca~ I = (161. It may be that on cursaudine insultors with

well-de-f I ed a ol i omeItny, such as fth sal halides atomic resolution may be routhney
obtsiud~but thsMmin ob demonstratd. lad thas reado Oermcntly constructed UHV
ACS7h described above hould be of grea lmptu;m in perigand incharacterizing
"sMole with nrfc Analy"ia moob Ppior to mgig



Figure 3. Two imagesnsimultaneously recorded of a 1 .51 x 1 - region of WSe2 surfce
with several multiatomic height steps due to partial exfoliation of the sample. The image
on the left shows a constant current conventional STM topograph recorded withV•,,.,2.0 V and Iaj-d=10 pA. The sinultaneously obtained image on the fht shows
the amr~itde at the third harmonic of the AC modulation frequency,fy, 2.440OHz. Near
the exfoliation of the WSe2 the nonlinearity and thus the third harmonic signal are greatly
enhanced. No specia features appear in the conventional SThI topography in these

i regions.

By simultmnous imagn in several modes - conventional constant current STM,yo
amplitude, and third harmoilc amplitude, for example -- we are able to compare features
we can readily inteprt in topogrphy to the hig frequenc electroni propertis of the
surface. Such anexpenmentas shown in Fgr 3. On the left,.a conventional STM unage
shows a region ofaWSe2sumrface where the top layers are partialy exfoliatd at the step..
The simultaneously recorded ACSTh third hammenic signal shows nreions adjacent to the
exfoliation with greattly enhanced third harnonic sijnad. We attri~bute this enhanced
nonlinearity to the electronically discontinuous reio of the sample. There is greater
rectification in these ca. 100-200 nmn wide regions due to a reduced carrier lifetime
compared to the rest of the surface. Michel and co-worker have also adopted this strategy
in order to measure doping densities and profiles in Si wafers under a thin oxide layer [ I17].

One important tuestio to be addressed is the extet to which the microwaves pumped
into the tunis junctio heat md/operturb the admeortes and .surae in the vicinit of th
tip. In ordertoassessthe level of this prubton. wehave applied amicrowave frequency
modulation to the dc bias in conventional low temperaltue STM measurements of a
temperature sensitive sample - bensene on C~u{ 111 | at 77K[r15J. A slight increase in
temperature would gral affect the mobility of the benasne molecules which remain fixed
at and near steps at this temperature but remain mobile (as a two-dtimensional gas) onth
Cu[III) teiraces [23]. Fiur 4showsalow temperature imale ofaCu(lll) surface
where the heuen.n molecules adsorbed at the step edgse apa unperturbed with
microwaves applied to the ACSThI probe tip at 1 01. "rhus in cais e the jninthe
sample, mad the inbuin do not appear to suffer fr'om any deleterious heating effects. We

Shave not men evidumue in any of our experlmenu for heatin of the juncton by the
microwaves. We note that an additional measurement that can be made is to employ
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Figure 4. A conventional STM imam of benzene on Cu(11ll at 77K in UHV. Amicrowave modulation at I Gl-z was Znutaeosl applied to the STM probe tip. Themolecules in this regime are extremely sensitive tot'6 substLae ampenture. The

residence times of the molecules at the various surface sites are not measurably altered
with the appication of the microwaves indicadng that heating of the junction is negligible
in this case.

Johnsonoe • ndom using fie nc i wt from ay spplied to or created (te.
by harmonic paaion) in the umneling junction as in Ref. [241.

4L SOW scheog3 v the ACSTM

4.1. LINEAR ACSTM SPWCROSCOPY

Amplitudes of do sinal atha md at ran ics, u4 can be recorded at a pmaricular position
on the srface. This lMw us a means to dilffantia between the species on the surface,
and wilultmsy WrovI d spctal handles to identit and to characeerin surface Species
using the ACSTIt [161. The amplitude at / also determines the sensitivity of our
instrument at &e frequency used for Imain as desribed in Ref. [ 13]. We note that
dielecti spectra can be astmined in term of molecular rotations and other motions
[16.251. T hisod. wen have have built a low tmperaun ultrshigh vacuum ACSTM to
munasre roawdemul acntra of adearbaes in the ACSIM tmnnel junction.

Mi Ve smof all mobcue in the as phase has been used to yield
smaasalinonmatom(21. Codse phase petahave typically remained

iminurpuse. Sinm molecules awe known to penurb th electronic properties of the
surrundig mfa amsIr1p1cally (71, the rowing electronic perturtioso rttn

molecule ca be me e at a sile urface site as a modulaed tunneling current. Since
thse rotioal quemcie are in the microwave to far infrared frequency range, the
frequencies at t lower cad can be measured in principle with a low temperature ACSTM.

The Ational scta of adsorbed H2 molcCules on AS and Cu have previously been
measured by electron eergy loss spectroscopy [28,291. Adsorbed PF3 on a number of
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metal surfaces is known from ESDIAD measurements to have a bound (hindered) to free
rotor transition as the temperature is increased [30-32). Jn NMR experiments, benzene has
been shown to rotate on Ft particles which are predominantly textured Pt4 111) [33,34].
STM images of azulene have been interpreted as rapidly rotating molecules [35]. We will
use benzene molecules to illustrate how we will try to record a rotational spectrum using the
ACSTM.

Benzene adsorbed on Pt( 11 } exhibits three different types of images depending upon
adsorpton site [27,36]. In the three-fold hollow adsorption sites on the surface, three
depressions are seen in the STM images of the surrounding surface. This result is consistent
with theoretical calculations of images of benzene and the known variety of binding sites
for benzene on Pt( 111 ) [36,37]. Figure 5 shows a schematic of the three lobe image of the
benzene molecule and the surrounding surface.

By using conventional (DC) STM feedback and monitoring the AC components of the
tumneling current, we expect to be able to measure the rotational frequencies of molecu.les
and to distinguish between bound (frustrated) and free surface rotors. The proposed
method for doing this is shown schematically in Figures 5 and 6. The electrons of the
substrate, perturbed by the adsorbed molecle&s would easily follow the motion of the
molecules as it rowates. At positions A and B (indicated in Figure 5) for a free rotor, the
tunneling current would be modulated at three times the rotation frequency as the (three)
apparent depressions of the LDOS are swept past the ACSTM tip by the rotating molecule.
Thus the frequency composition at the two probe positions are the same. The frequency
spectra are directly related to the rotation frequencies of the molecule. For a frustrated
rotor, the molecule twists back and forth in the torsion mode potential well. Even with no
excitation there is still zero point motion in this torsion. Once again, the charge follows
torsional motion of the molecule. At position A the current is at a maximum when the
molecule rotates the apparent depressions in the LDOS away from the probe and is a
minimum when the molecule rotate the depressions under the probe tip. Thus the AC

Fi;urc 5, A schematic of a STM image of a benzene molecule in a hree--fold hollow site
as in Ref. (27] showing three lobes and three depressions in the LDOS of the surrounding
substrate. A and B mark the ACSTM probe positions referenced in Figure 6.
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component of the current appears at the torsion frequency at position A. Position B is the
center of one of the apparent LDOS depression for the molecule's equilibrium location.
Thus in each period, the molecule crosses through the equilibrium position twice. At the
equilibrium position, the tunneling current is a minimum. At the maximum excursion from
the equilibrium in each direction, the tunneling current is .. its maximum. Thus at position
B the tunneling current would be modulated at twice the torsional frequency by the
molecular motion. By noting whether tht AC component of the tunneling current varies
with position, free and frustrated rotors can then be differentiated. From the firquency
spectra of the tunneling current, the rotationalltorsional fequencies can be determined. As
for gas phase molecules, these frequencies are sensitively depdent on the moments of
inertia wed thus the structure of the adsorbates. By matchin' is intramolecular structural
information to the local chemical environment measured with the STM, we can probe the
modification of intramolecular bonding due to the specific molecular adsorption site.

4.2. NONLINEAR ACSTM SPECTROSCOPY

We have previously discussed how the nonlinear or "harmonic spectra" can be used to
glean information as to the local chemical environment by establishing the source(s) of the
nonlinearities (16]. Briefly, the tunnel junction non-linearities which lead to harmonic
generation are [ 10,16]:

i) Coulomb blockade effects (where an electron which has just tunneled
momentarily repels electrons which otherwise might have tunneled
during the same half-cycle, but have insufficient energy) (38],
ii) Local density of states which are not couetant as a function of energy,
and
iii) Structural changes (dispersion effects) due to adsorbed or surface
layers responding to the ac field.

By having a broadly tunable ACSTM, we are able to tunek and vary its amplitude, and
by then also recording amplitudes at a several harmonics, to, we are able to differentiate
between these effects. We can thus determine the charging thresholds (i), electronic
structure (ii), and rates of motion (iii) of the species on the surface at the position of the
ACSTM tip. The nonlinearities above are differentiated based upon their modulation
frequency (f.) and amplitude dependences as follows:

i) Harmonic amplitudes depend on the modulation frequency and
amplitude. High harmonic amplitudes simultaneously increase as the
modulation amplitude surpasses the (voltage) threshold for tunneling a
second ehectron at the peak of the modulation half-cycle for only a short
time [38]. Asf. is reduced and charge can dissipate within a half-cycle,
the threshold disappears and the harmonics are reduced.
ii) Harmonic amplitudes are frequency independent, but do depend on
modulation amplitude.
iii) Frequency dependent absorptions and dissipation are characteristic
of surface species.

--8--



IaS 
Free Rotor A

. time

ISO Free Rotor B

Atime

lSc Frustrated Rotor A

Iac Frustrated Rotor B

A f\JA time

Figure 6. A schematic showing the expected ACSrM current for a free and frustrated
rotor when measured at positions A ane B shown in Figure 5. For a free rotor the signal is
the same for both probe positions and for appears here at three times the rotation
trequency. For a frustrated rotor, the signal depends on the probe position. At position A,away from the extremum change in LDOS, the signal appears predonminantly at the
frustratedl rotaon freqluency. At position Bs, at the extremum change in LDOS, the signal
appears predominanty at twice the frustrated rotation frequency.
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HARMONIC of 2 OHz DETECTED

Figure 7. The harmonic amplitudes vary as the modulation amplitude atfo=2 0Hz is
changed, and increase sharply as an apparent threshold at 15 dBm (indicated by the arrow)
is surpassed.

We previously showed that while probing the same position on a lead silicate glass
surface the envelope of harmonics generated in the ACSTM tunneling did depend upon the
modulation frequency (forf.4.2 and 2.50HM) (161. In Figure 7 we show the dependence
of the harmonics generated on the amplitude of the modulation applied atfo=2 0H~z. The
threshold behavior observed is consistent with a chargin~g effect (s), In order to confirm this

assgnment, we are attempting to measure the charge dissipation rate on the surface by
lowering the modulation frequency as described above. We note that it is in only a fraction
of th:e modulation periods that single electrons tunnel ( 10]. It is then in only a very small
fraction of modulation periods in which more than one electron may t-unnel; the
nonlinearities are not large. It is because we can record over many cycles rapidly using
these high modulation frequencies that we are able to measure the nonlineanities due to
multiple electron tunnieling.

These harmonic measurements enable the identification and study of the species in the
tunnel junction in a manner analogous to electrochemical redox measurements and
molecular spectroscopy. We now have the means to identify and to cba~racterize the species
at the position of the ACSTM tip, and the simultaneous ability to interrogate the chemical
environment by imaging the surrounding surface.

-10-



5. Prospects

We have shown how the ACSTM can be used to record local chemical and dynamical
information on the surfaces of a wide range of materials. This information obtained is
complementary to that obtained from conventional STMs and AFMs. By studying well
characterized insulator surfaces in UHV, we expect to develop a predictive understanding
of the imaging and spectroscopic capabilities of the ACSTM.
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